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1 NOISE SHAPING TECHNIQUE 

2 FOR SPREAD SPECTRUM COMMUNICATIONS 

3 

4 Field of the Invention 
5 

6 The present invention relates to the field of spread spectrum or 

7 Code Division Multiple Access (CDMA) communications. 
8 

9 Background of th e Tnvention 
10 

11 In any communication system, it is desirable to increase the 

12 Signal to Noise Ratio (SNR) of the system. This has the 

13 advantageous effect of increasing the fidelity of a system for 

14 transmitting an analog signal, or decreasing the bit error rate 

15 of a system for transmitting a digital signal. Prior art methods 

16 for increasing the SNR of a system focus on increasing the 

17 available signal power at the input to the receiver, or 

18 decreasing the amount of noise in the receiver. The prior art 

19 teaches several ways to increase the signal power at the 

20 receiver, for instance, one may increase the gain of the RF 

21 amplifier in the transmitter, or make antennas larger or more 

22 directive. Another way to increase the effective power at the 

23 receiver, in the prior art, is to increase the bandwidth used to 

24 transmit the signal by spectrum spreading, or less directly, by 

25 coding for error correction. Spread spectrum techniques are 

26 taught in the books Principles of Communication Systems, Second 

27 Edition, by Herbert Taub and Donald L. Schilling, McGraw Hill, 

28 1986, and Spread Spectrum Systems , Second Edition, by Robert C. 

29 Dixon, John Wiley & Sons, 1984. One prior art technique for 

30 decreasing the amount of noise in the receiver is that of using a 

31 receiver with a low-noise amplifier at the front end of the 

32 receiver. 
33 

34 
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1 Spread spectrum communication systems typically operate with a 

2 very low power density spread over a wide enough bandwidth, 

3 sometimes known as the chipping bandwidth, to achieve a certain 

4 processing gain and, hence, required SNR for a given 

5 communication task. The noise in a spread spectrum system is 

6 often largely self-interference, as well as additive Gaussian 

7 white noise, which appear in the receiver as an interfering 

8 random signal having maximum power in the center of the spread 

9 spectrum bandwidth, in the portion of that bandwidth in which the 

10 desired spread spectrum signal is conventionally received. It is 

11 frequently desirable to increase the SNR in a system, especially 

12 if this can be achieved with only minimal changes to existing 

13 hardware, for instance, without changing antennas or RF 

14 amplifiers, and without significantly increasing the power or 

15 power density or occupied bandwidth of the transmitted signal. 

16 increasing the SNR of a system significantly increases the 

17 capacity of the system. A 3 dB increase in SNR for a system 

18 allows an approximate doubling of the number of users that can be 

19 supported by the system. 
20 

21 Summary of the Invention 
22 

2 3 The present invention is an improvement of a conventional spread 

24 spectrum communication system, having a transmitter and a 

25 receiver. It is an aspect of the present invention to increase 

26 the signal to noise ratio of a spread spectrum system by up- 

27 converting, or equivalently , frequency translating the signal, or 

28 up-shifting the spectrum of the signal to be sent, before 

29 spreading. Spreading, as used here, means spread spectrum 

30 encoding. In the present invention, the up-converted signal is 

31 transmitted and then received and then down-converted, after 

3 2 despreading. This has the advantageous effect of reducing the 

3 3 effect of self -interference and noise when the signal is 

34 received, when using a receiver according to the principles of 
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the present invention- 

in the present invention, the spectrum of the signal to be 
transmitted is shifted or frequency translated to the edge of the 
spread spectrum bandwidth, where noise in the receiver is less 
than in the middle of that bandwidth, prior to transmission. The 
signal is then received, in the signal processing sense, near the 
edge of the spread spectrum bandwidth, and then the spectrum of 
the received signal is frequency translated, or equivalent^, 
retranslated, in the receiver. In one embodiment of the 
invention, these frequency translations are performed by adding a 
Single Sideband (SSB) modulator to the transmitter and an SSB 
demodulator to the receiver. This allows reception of the 
desired signal in a position near the edge of the chipping 
bandwidth that is less noisy than the position that is 
conventionally used for signal reception. The present invention 
allows reception of the same signal level as in a conventional 
system, in the presence of a lower level of received noise. 

Brief Descriptio n of the Drawings 

Figure 1 is a block diagram of a conventional spread spectrum 
transmitter; 

Figure 1A is a timing diagram of a pseudonoise (PN) sequence used 
in Figs. 1, 3, 5, and 7 ; 

Figure 2A is the power spectrum of the PCM data sequence of Fig. 

i; 

Figure 2C is the power spectrum of the PN sequence of Fig. 1; 

Figure 2D is the power spectrum of the output of the spread 
spectrum encoder of Fig. 1; 
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1 Figure 3 is a block diagram of one embodiment of the spread 
spectrum transmitter of the present invention ; 



2 
3 
4 

5 Fig 3 



Figure 3A is a block diagram of the single-sideband modulator of 



6 
7 

8 3; 



Figure 4 A is the power spectrum of the PCM data sequence of Fig. 



Figure 4C is the power spectrum of the PN sequence of Fig. 3; 



10 Figure 4B is the power spectrum of the output of the SSB 

11 modulator of Fig. 3; 
12 
13 

15 Figure 4D is the power spectrum of the output of the spread 

16 spectrum encoder of Fig. 3; 

18 Figur e 5 is a block diagram of a conventional spread spectrum 

19 receiver; 

21 Figure 6A is the power spectrum of the received and filtered 

22 intermediate Frequency (IF) signal of Fig. 5; 

23 
24 
25 
26 
27 
28 
29 
30 

32 Figure 6E is the power spectrum of the combined signal and noise 

3 3 outputs of the spread spectrum decoder of Fig. 5; 

34 



Figure 6B is the power spectrum of the PN sequence of Fig. 5; 

Figure 6C is a power spectrum of the PCM data sequence component 
of the output of the spread spectrum decoder of Fig. 5; 

Figure 6D is a power spectrum of the noise component of the 
output of the spread spectrum decoder of Fig. 5; 
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Figure 6G is the power spectrum of the PCM output of Fig. 5; 

Figure 7 is a block diagram of one embodiment of the spread 
spectrum receiver of the present invention; 

Figure 8A is the power spectrum of the received and filtered 
intermediate Frequency (IF) signal of Fig. 7; 

Figure 8B is the power spectrum of the PN sequence of Fig. 7; 

Figure 8C is a power spectrum of the PCM data sequence component 
of the output of the spread spectrum decoder of Fig. 7; 



14 Figure 8D is a power spectrum of the noise component of the 

15 output of the spread spectrum decoder of Fig. 7; 



26 

27 

28 

29 

30 

31 

32 

33 

34 



Figure 8E is the power spectrum of the combined signal and noise 
outputs of the spread spectrum decoder of Fig. 7; 



16 
17 
18 

20 Figure 8F is the power spectrum of the output of the intermediate 

21 band-pass filter of figure 7; and 

22 
23 
24 

25 nailed pp^r.ripti o " c>f the Tnvention 



Figure 8G is the power spectrum of the PCM output of Fig. 7; 



Fig. 1 shows a typical prior art spread spectrum transmitter. At 
the left-hand side of Fig. 1, a baseband, pulse coded modulated 
signal, typically a 32 kilobit per second Adaptive Pulse Code 
Modulated (ADPCM) speech signal, is applied to the left-hand 
terminal of mixer 104, which is shown contained within spread 
spectrum encoder 105. More information about the use and 
characteristics of spread spectrum encoders may be found in Taub, 
op cit., pages 721-727. A pseudonoise (PN) sequence (Fig. 1A) 
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1 

•2 
3 



• -. of mixer 104. Mixer 104 thereby 
is applied to the upper termine , ^ multiplying 
fl . on ,, pnc v spectrum spreading j.« 

2 performs a frequency P nce in the time domain, 

3 the PCM data sequence by the spectrum of the 
which is eguivaient to conv J^^^ spe ctrum of the 
d ata sequence with the approximately ^ ^ ^ 

frpauency domain. ^ . , 

PN sequence m the frequen y frequency is equal 

applied to low-pass " lte *l ' ^ output of filt er 106 is then 
to the system chip rate, . ^ suitab ly up-converted, 

applied to one terminal of Fq< appUed to its other 

as determined by the carrier < fchen sed through band- 

terminal. The up-converted signal ^ § which has a 

pass filter 110 (typically a hel ^ ^ & ^ 
bandwidth equal to twice tn spectrum system's 

eq ual to the -nter frequency of th P ^ ^ 

• .x,u frhp output or r xxctii- 
channel bandwidth. The * whoS e output drives antenna 

input of broadband RF amplifier iw. 



5 
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7 

8 

9 
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11 
12 
13 

14 

15 

16 

17 114- 



18 
19 



„ Fig. 1A shows a "O"'"'^^^'^^!!!-^^'^ 

20 pseudo-random digital sequence, attaining two constant 

21 invention. It is conventionally shown ^ ^ ^ ^ , £ 
values over time, the values o and to des pread the 
used to spread the signal to generation and use of PN 
received signal. £ 1. pages ,32-73,. 
sequences may be found in Taub, P 
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27 Fl g U res ,C and 2 0 "^^T^^ ^ 

28 transmitter ° f J^ 1 ^ It is sho wn as essentially 

Fig 
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PCK data sequence of Fig. 1. ^ se<JU(mce . Fig . 2C 

bandlimited to Fhr, the hit rat ^ ^ ^ ^ ^ 

shows the power spectrum of the PN ^ ^ IM of F ig. X 

2D shows the power spectrum filtered by band-pass 

which is up-converted and then band-pass filter V ^ 
filter 110 , as indicated by the vertical lines 
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+Fcr of Fig. 2D. 

Figure 3 illustrates a block diagram of one embodiment o£ the 
spread spectrum transmitter of the present invention. Referring 
to Fig. 3, in acoordance with the principles of the present 
invention, the baseband PCM signal of Fig. 3 is first passed 
through a prereduction stags, comprising single-sideband 
modulator 302. If modulator 302 were omitted, Fig. 3 would show 
a conventional spread spectrum transmitter of the prior art, i. 
e Fig 1 Modulator 302 is supplied with a spectrum shifting 
signal'whose frequency determines how far apart the two halves of 

4-^„™ .Fia 4A) of the data sequence are to 
the bimodal data spectrum (Fig- « A J * 

i„4-^ ,-vr shifted. The shifted bimodal data 
be frequency translated or shirrea. 

spectra are illustrated in Fig. 4B. In one embodiment of the 
invention, the reference signal input to modulator 302 has a 

^ r?~r fvoicallY 10 MHz . Fcr is called the 
constant frequency of Fcr, typicaixy 

chip rate of the spread spectrum communication system. The 
details of modulator 302 are further described below, in 
conjunction with Fig. 3A. The output of modulator 302 is applied 
to the left hand terminal of mixer 304, which is shown contained 
within spread spectrum encoder 305. The upper terminal of mixer 
304 is supplied with a PN sequence as shown in Fig 3. The output 
of mixer 304 is low-pass filtered in filter 306, which has a 
cutoff frequency equal to Fcr, the system chip rate. The output 
of filter 306 is subsequently up-converted in mixer 308, using a 
suitable carrier reference frequency, which is approximately the 
same as the carrier reference frequency in mixer 706 of Fig. 7. 

Fig. 3A illustrates single-sideband modulator 302. The PCM data 
sequence from Fig. 3 is converted into I and Q components by 
phase shift network 318. The output of network 318 drives 
balanced modulators 320 and 322, which are respectively fed with 
sinusoidal and cosinusoidal carrier signals from phase shift 
network 324. The outputs of modulators 320 and 322 are combined 
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tout is the output of modulator 302. 
„(• whose output is 
1 by adder 326, vmo 

t x 4B 4C and AD illustrate power spectra . 
3 F igures *K. 4B embodiB ent of the P"" 1 * um 

transmitter of a typ £hovs tne power v 

e . th e transmitter of ^"^ ™ It is shown as essentially 
, ot the PCM data sequence of F • ^ ^ sequence . F i, _ 



4 
5 
6 



■ , or prior art spread spectrum 
Figure 5 shows a conventional, P d spectrum 

"Liver, Antenna * « » ~ w , „hich has a -dw^h 

, signal, which is * ^ . .enter frequency equal to the 

equal to twice the chiP channel 
, center frequency of the ' * subse ,uently down- 

bandwidth, ^e output of W« . to . b asehand 

' converted oy mixer 506. ^ £requency 

• i using a local oscillator n frequency Fc of 

;0 signal, using as the car rier rr g 

ia . which is approximately ^ despread , or 

22 Pig. 1. ^e output of mixer ^ to 

3 equivalently, spread spectre de ^ pN sequence o£ 

hand terminal of mixel :J >^£j w . Kixer SOS is shown 

» Fl9 - " t0 rwiXs/rlld spectrum decoder - ° ers Ta isculsed 
96 as contained within v cn __ ad spe ctrum decoders is ai 

- tir;rr:r;; T r a ^ r^^r 

rre^that the . sequence us ed in - rec^ _ 
spectrum communication system ^ th 

sequence used in the "^j*"- ■ 74 «- 7 ,e of Taub, op. cit. 
syLhroni.ation are discus sedin page ^ ^ „ hlch 

T Y h e output of mixer 508 is applied ^ ^ ^ data 

has a cutoff frequency at 
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* vin 1 The output of filter 514 is a replica of the 
sequence of Fig. 1. ine uu v 

PCM data sequence of Fig. 1. 

« *A 6B 6C 6D,. 6E and 6G show the operation of a 
Figures 6A, 6B, bt, o , illustrates the 

conventional spread spectrum recover. W « 
power spectrum of the received signal ♦ no.se, as it would be 

at the output o£ band-pass filter 504 of Fig. 5. Fig. 
I TZ stfatirtL P po„er spectrum of the - 
, Fig 5 Fig. 6C illustrates the power spectrum of the PCM data 
sequence of Fig. 1. after it is spread spectre, decoded, 1. e. 
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despread, using the sequence of Fig. 1A. 

Pig . 60 illustrates the power spectrum of the noise component of 

14 the output of the correlator of a spread ^^^^ 

15 might he measured at the output of mixer 03 of Fig^ 5 

16 triangular shape of the noise component shown - Fig 6D 
" corresponds to the convolution in the frequency domain of 

M approximately rectangular spectra of Figs. 6A and 6B It also 
" corresponds to the multiplioation of these two signals in the 

:::: p*. - ^ n 0 i Se or ^^-^ 

is „elated with the spreading ^^^^^r 



is uncorreidueu w j. ^ ' c . r ;+-v l » 

appears in the receiver as a triangular power spectrum with a 
appears spread-spectrum bandwidth, 

maximum magnitude at the center r 

as translated to baseband, and an amplitude of zero at twice the 
spread spectre* bandwidth. .. In a conventional spread spectrum 
receiver! the desired eigne! (as shown in Fig. .« is received at 
the center of the spread spectre* bandwidth, where the noise 
component (Fig. 60) has a maximum magnitude. 

Fig 6E illustrates the power spectrum of the combined data 
sequence ♦ noise output of mixer SOS of Fig. 5, ^ 
32 filtering. Fig. 6E represents the superposition of Figs. 6C and 
11 Fig 6G shows the result of low-pass filtering the spectrum 
,4 Of' Fig. 6E, i. e. Fig. 60 shows the output of a conventional 
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spread spectrum receiver, for comparison with the output of one 
embodiment of the receiver of the present invention. 

Figure 7 shows one embodiment of the spread spectrum receiver of 

. . n via 1 differs from the conventional 
the present invention. Fig. / cu-*-*- 

spread spectrum receiver of Fig. 5 in that filter 710 and SSB 
demodulator 712 nave been added to Fig. 5 to produce Fig. 7. 
Antenna 702 of Fig. 7 receives a spread spectrum signal, which is 
filtered by filter 70. . which has a bandwidth equal to twice the 
chip rate and a center frequency equal to the center frequency of 
the spread spectrum system's channel bandwidth. The output of 
filter 704 is then down-converted by mixer 706, possibly in two 

i ,,o-;nfT 3 local oscillator having a 

13 stages, to a baseband signal, using a local os * 

u- u <o snnroyimatelv the same as the carrier 

14 constant frequency which is approximately 

frequency of Fig. 3. The output of mixer 706 is then despread 
with mixer 708, using the PN sequence of Fig. 1A. The output of 
m ixer 708 is then filtered in band-pass filter 710, which has a 
bandwidth equal to the data rate and a center frequency equal to 
the system chip rate. The output of filter 710 undergoes single- 
sideband demodulation in SSB demodulator 712, using a reference 

fT-prmencv equal to the chip rate. The 
signal having a constant frequency c 4 u 

output of demodulator 712 is low-pass filtered in filter 714, 
which has a cutoff frequency at the data rate of the PCM data 
sequence o£ Fig. 3. The output of filter 714 is a replica of the 
25 PCM data sequence of Fig. 3. 

The present invention resides in the processing steps illustrated 
in Figs. 8E, 8F, and 8G. Fig. 8A illustrates the power spectrum 
of the received signal + noise, as it would be measured at the 
output of band-pass filter 704 of Fig. 7. Fig. 8B illustrates 
the power spectrum of the despreading sequence of Fig. 7. Fig. 
8C illustrates the power spectrum of the PCM data sequence of 
Fig. 3, after it is spread spectrum decoded, i. e. despread, 
34 using the sequence of Fig. 1A. 
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Fig 8D illustrates the power spectrum of the noise component of 
the output of the spread spectrum decoder or correlator of a 
spread spectrum receiver, as might be measured at the output of 
mixer 708 of Fig. 7. The triangular shape of the noise component 
shown in Fig. 8D corresponds to the convolution in the frequency 
„ domain of the two approximately rectangular spectra of Figs. 8 A 

7 and 8B. It also corresponds to the multiplication of these two 

8 signals in the time domain. Fig. 8D shows that noise or self- 

9 interference that is uncorrected with the spreading sequence 
0 used in the receiver appears in the receiver as a triangular 
Li power spectrum with a maximum magnitude at the center of the 
L2 spread-spectrum bandwidth, as translated to baseband, and an 

L 3 amplitude of zero at twice the spread spectrum bandwidth. In a 

14 conventional spread spectrum receiver, the desired signal (as 

15 shown in Fig. 6C) is received at the center of the spread 

16 spectrum bandwidth, where the noise component (Fig. 8D) has a 

17 maximum magnitude. 
18 

Fig. 8E illustrates a portion of the power spectrum of the 
combined data sequence + noise output of mixer 708 of Fig. 7. 
Fig. 8E represents the superposition of Figs. 8C and 8D. Fig. 8E 
illustrates the result of mixing the sequence of Fig. 1A with the 
output of down converter 706, in accordance with the present 
invention. It will be noted that, compared to Fig. 6E, Fig. 8E 
shows that the two halves of the spectrum of the PCM data 
sequence are separated by twice the spread spectrum bandwidth. 
It will be further noted that the noise of Fig. 6E, representing 
the output of a conventional spread spectrum receiver, is at a 

29 maximum near the single copy of the data spectrum, at the center 

30 frequency, while the noise in Fig. 8E is reduced in intensity to 

31 approximately half that of the noise of Fig. 6E, in the vicinity 

32 of the data spectra. 
33 
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Fig. 8F illustrates the result of band-pass filtering the 
spectrum illustrated in Fig. 8E, using band-pass filter 710. 
Fig. 8G shows the result of single-sideband demodulating the two 
halves of the PCM data spectrum of Fig. 8F in demodulator 712, 
using a reference signal having a constant frequency equal to 
that of the system chip rate. Fig. 8G may be used to compare the 
signal to noise ratio of the present invention to that of a 
conventional spread spectrum receiver. Fig. 6E shows an SNR of 
2:1, while Fig. 8E shows an SNR of 4:1, near each half of the 
spectrum of the PCM data sequence. This is also the case in Fig. 

11 8F Fig. 8G shows that translating the two halves of the PCM 

12 data spectrum of Fig. 8F by single-sideband demodulation produces 

13 a signal amplitude of 4 , as in Fig. 6E. Demodulating the two 

14 noise components of the spectra of Fig. 8F shifts those noise 

15 components to the center of the spectrum without increasing their 

16 magnitude. The amplitude of the noise component of the spectrum 

17 of the output of demodulator 712, after low-pass filtering in 

18 filter 714, is approximately 1, as illustrated in Fig. 8G. Thus 

19 Fig. 8G shows a 4:1 signal to noise ratio, using the present 

20 invention, which is a 3 dB improvement in the signal to noise 
ratio of the received signal, compared to the SNR of 2:1 
illustrated in Fig. 6G, which corresponds to the output of a 

23 conventional spread spectrum receiver. 

25 While the above description contains many specifics, these should 

26 not be construed as limitations on the scope of the invention, 

27 but rather as examples of several of the many possible 

28 embodiments. Many other variations are possible. For example, 

29 this method of spread spectrum modulation could be used in any 

30 medium in which spread spectrum is employed, not just radio. 
Digital modulation techniques may also allow the performance gam 



21 
22 



31 



32 described above. One such digital technique uses a modified 
3 3 spreading sequence in the transmitter, in which the despreading 



34 



sequence of the receiver is multiplied by a digital sinusoid (the 
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1 sequence 1010101010) at the system chip rate. The receiver then 

2 despreads with the original despreading sequence, band-pass 

3 filters and coherently combines the resulting spectra, 

4 multiplying the band-passed signal by the digital sinusoid. 
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